Cytoplasmic dynein is a multi-subunit microtubule motor that uses the ATPase activity of its heavy chain to move towards the minus-end of a microtubule. In vivo, cytoplasmic dynein is important for the positioning of nuclei and spindles and the retrograde transport of vesicles, signaling molecules and viruses (Karki and Holzbaur, 1999; Schroer, 2004; Soldati and Schliwa, 2006; Greber and Way, 2006; Abe and Cavalli, 2008) . Interestingly, although cytoplasmic dynein is a minus-enddirected motor, it accumulates at the microtubule plus-end in many cell types (Vaughan et al., 1999; Han et al., 2001; Ma and Chisholm, 2002; Lee et al., 2003; Sheeman et al., 2003; Lenz et al., 2006; Vogel et al., 2009) . This accumulation at the microtubule plus-end is important for a variety of functions. For example, it might facilitate interaction with cortical proteins for spindle positioning Sheeman et al., 2003; Markus et al., 2009 ). In addition, because vesicles that need to undergo retrograde transport often start their journey at the plusend, the accumulation of dynein at the plus-end is thought to facilitate loading of membranous cargoes (Vaughan et al., 2002; Lenz et al., 2006) .
Introduction

Results
GFP-dynein with the AAA1-Walker B mutation highlights the plus-ends, whereas the AAA1-Walker A mutation causes dynein to bind along microtubules
To test whether dynein has an active ATPase cycle before arriving at the plus-end, we introduced two dynein heavy chain (HC) mutations implicated in blocking ATP binding and hydrolysis, respectively, and observed the localization patterns of the mutant HCs. The dynein heavy chain belongs to the AAA+ (ATPase associated with a wide variety of cellular activities) class of ATPases (Neuwald et al., 1999; Iyer et al., 2004; Snider and Houry, 2008) . Its motor domain forms a ring-like structure comprising six AAA domains (Samso and Koonce, 2004; Roberts et al., 2009) . As indicated by studies on other AAA ATPases, an AAA domain responsible for ATP binding and hydrolysis contains a Walker A motif required for ATP binding and a Walker B motif required for ATP hydrolysis (Neuwald et al., 1999; Saraste et al., 1990; Pause and Sonenberg, 1992; Whiteheart et al., 1994; Babst et al., 1998; Reck-Peterson and Vale, 2004) . In the dynein heavy chain, the first AAA1 domain is the major site of ATP hydrolysis (Gibbons et al., 1987; Gee et al., 1997) and is essential for dynein motor function (Reck-Peterson and Vale, 2004; Kon et al., 2004) . In S. cerevisiae, both Walker A and Walker B mutations implicated in abolishing ATP-binding and hydrolysis, respectively, severely inhibit dyneinmediated spindle positioning when introduced into the genome by homologous recombination (Reck-Peterson and Vale, 2004) . However, their effects on the microtubule plus-end localization of 3597 Active dynein without plus-end targeting dynein have not yet been tested. In vitro kinetic studies indicate that ATP binding induces the detachment of dynein from the microtubule and subsequent ATP hydrolysis allows dynein to reattach to the microtubule (Hackney, 1996; Tsygankov et al., 2009; Hook, 2010) . We reasoned that if dynein is a passive cargo of kinesin 1 and its ATPase only becomes active after arriving at the plus-end, both the Walker A and Walker B mutants (called wA and wB, respectively, for simplicity) should be transported to the plus-end and accumulate there without departure. Conversely, if dynein has an active ATPase cycle and is able to interact with microtubules prior to arriving at the plus-ends, the wA mutant should act as a rigor mutant and decorate microtubules along their entire length, rather than concentrating at the plus-ends. To test these possibilities, we replaced the endogenous dynein heavy chain nudA gene with alleles encoding a GFP-tagged mutant heavy chain containing either the wA mutation (NUDA K1940A ) or the wB mutation (NUDA E1987Q ) ( Fig. 1A) and examined the consequences of these mutations on dynein localization in vivo. Both mutations produced a colony phenotype resembling that of a typical nud mutant, which indicates loss of dynein function in vivo (Fig. 1B) . Consistent with this notion, RabA-labeled early endosomes, whose retrograde transport is driven by dynein (Abenza et al., 2009; Abenza et al., 2010) , accumulated abnormally at the hyphal tip in both the wA and wB mutants (Fig. 1C) , indicating that these mutations cause a block of dynein-mediated early endosome transport. Interestingly, these two mutations have different effects on the localization of GFP-labeled HC proteins. The wB mutant . nidulans (A. n.), human and S. cerevisiae (S. c.) to show the positions of the wA and wB mutations in AAA1. The wA and wB motifs of AAA1 are underlined according to Iyer et al. (Iyer et al., 2004) . The lysine residue (K) in wA and the glutamic acid (E) in wB are changed to alanine (A) and glutamine (Q), respectively, by mutagenesis (arrows). Accession numbers for A. nidulans HC, human cytoplasmic dynein 1 HC and S. cerevisiae HC are XP_657722, Q14204 and NP_012980, respectively. (B)Colony phenotype of the wA and wB mutants in comparison with wild type and the ⌬nudA (HC) mutant. (C)Early endosomes labeled with mCherry-RABA accumulate at the hyphal tip in the wA and wB mutants, indicating that they fail to undergo dynein-mediated retrograde transport in these mutants. (D)Similar to wild-type GFP-HC, GFP-wB with the wB mutation in the HC highlights microtubule plus-ends, and this localization disappears in the alcA-ARP1 mutant, where the expression of the ARP1 subunit of dynactin is shut off. Note that besides the decoration at the plusends, faint decoration by GFP-wB along microtubules can also be observed. (E)An image of GFP-wA showing GFP signals along a microtubule and a kymograph showing that the GFP signals are static, suggesting that the wA mutant dynein is unable to move along the microtubule. (F)GFP-wA decorates along microtubules in the alcA-ARP1 and ⌬kinA mutants. Scale bar: 5m.
HC (GFP-wB) formed long comet-like structures representing microtubule plus-end localization (Fig. 1D) . The GFP-wB comets appeared longer and less focused at the tip of the plus-end than the wild-type comets, suggesting that wB dynein localizes not only to the plus-end but also behind it [see Movie 1 (wild-type GFP-HC) and Movie 2 (GFP-wB) in the supplementary material]. This accumulation appears to be dynactin-dependent as it was not observed if the GFP-wB fusion was introduced into the conditional ARP1 knockdown mutant alcA-nudK Arp1 (also called alcA-ARP1 for simplicity) background (Fig. 1D) , in which both ARP1 and p150 levels are dramatically lowered by culturing cells on glucose (Zhang et al., 2008) . By marked contrast, the wA mutant (GFPwA) localizes along microtubules with no enrichment at the plusends [ Fig. 1E ; also see supplementary material Movie 3 (GFP-wA)]. Kymograph analyses demonstrated that the GFP-wA spots along the microtubules are static (Fig. 1E) , consistent with an ATPbinding defect that causes a rigor phenotype. We further demonstrated that the localization of GFP-wA to microtubules is dynactin-and kinesin-1-independent as the microtubule decoration by GFP-wA was not affected by either knockdown of Arp1 (alcA-ARP1) or deletion of KINA (⌬kinA) (Fig. 1F) , strongly supporting the conclusion that the wA mutant dynein heavy chain interacts with microtubules directly. The finding that the AAA1 mutation affecting ATP binding causes a different dynein localization pattern than the one affecting ATP hydrolysis indicates that the ATPase cycle of dynein is not turned off until it arrives at the microtubule plus-end.
Dynein isolated from the ⌬kinA mutant has normal ATPase activity
Because the accumulation of dynein at the microtubule plus-ends is diminished in the ⌬kinA mutant (Zhang et al., 2003) , we determined whether dynein from ⌬kinA mutant cells has a normal ATPase activity. Dynein was isolated from A. nidulans extracts using S-tag affinity purification as previously described (Zhuang et al., 2007; Zhang et al., 2008) . We first used mild extraction conditions (see Materials and Methods) under which regulatory proteins such as dynactin and NUDF/LIS1 co-purify with dynein (Zhuang et al., 2007; Zhang et al., 2008) , thus minimizing the possibility that crucial regulators are lost during protein isolation. We previously measured the basal ATPase activity of dynein isolated under similar conditions and found that the NUDA R3086C mutation in AAA4
3598 Journal of Cell Science 123 (20) causes a 50% reduction, strongly suggesting that the ATPase activity we measured is due to dynein (Zhuang et al., 2007) . Thus, we measured ATPase activity of the wB mutant dynein heavy chain, which showed a dramatic reduction in both the basal and microtubule-stimulated ATPase activities relative to the wild type ( Fig. 2A ; P<0.001), further demonstrating that the ATPase activity we measured is dynein-specific. By contrast, both basal and microtubule-stimulated ATPase activities of dynein isolated from the ⌬kinA mutant resembled the wild type (Fig. 2B ). To ensure that we were taking into account not only dynein isolated from the soluble fraction but also dynein bound to membrane cargoes, we additionally used conditions aimed at facilitating extraction of membrane-bound proteins (see Materials and Methods). Under these conditions, dynein from the wild-type and ⌬kinA strains still showed similar ATPase activities (Fig. 2C) . Together, these results support the notion that the microtubule plus-end-localization of dynein is not a prerequisite for activation of its ATPase.
Wild-type dynein does not colocalize with hyphal-tipaccumulated early endosomes in the ⌬kinA mutant but the AAA1 Walker B mutation allows dynein to colocalize with these accumulated early endosomes
We previously reported that GFP-NUDA (dynein heavy chain), driven by the alcA promoter, accumulates at the microtubule plusends (Han et al., 2001) , and that this accumulation is diminished in the ⌬kinA mutant (Zhang et al., 2003) . We recently constructed a strain in which the GFP-nudA allele is introduced into the nudA locus by gene replacement and expression of GFP-NUDA is under the control of the nudA promoter (Zhuang et al., 2007) . We introduced the GFP-NUDA fusion (GFP-HC) into the ⌬kinA background by crossing. Consistent with previous results, the bright comets representing plus-end accumulation in wild type ( Fig. 3A) were no longer observed in the ⌬kinA mutant (Fig. 3B ). The new strain combined with improvements in our imaging system allowed us to determine that, in the ⌬kinA mutant, GFP-HC signals were located along microtubule-like structures throughout the hyphae (Fig. 3B ), and that these signals disappeared after microtubules were depolymerized by benomyl (Fig. 3C ). These results indicate that although the plus-end accumulation of dynein requires kinesin 1, dynein molecules are able to interact with microtubules in its absence. As described previously by Abenza et al. (Abenza et al., 2009 ), RabA-associated early endosomes accumulate at the hyphal tip in Values were all relative to the wild-type value without microtubules (MT; basal level), which was set at 1 (same for B and C). The mean and standard deviation (s.d.) values were calculated from 6 enzyme assays with dynein purified from two independent experiments. A western blot analysis on dynein HC and NUDF from these two strains is shown on the right. The negative control strain was GR5, which does not contain the affinity tag S-IC. (B)ATPase values of dynein isolated from the wild type and the ⌬kinA mutant with a low-salt and detergent buffer. The mean and s.d. values were calculated from 11 enzyme assays with dynein purified from 3 independent experiments. (C)ATPase values of dynein isolated from the wild type and the ⌬kinA mutant with a higher-salt and detergent buffer. The mean and s.d. values were calculated from 6 enzyme assays with dynein purified from 2 independent experiments. the ⌬kinA mutant ( Fig. 3D,E) . Observation of GFP-HC and mCherry-labeled RabA did not reveal any colocalization of GFP-HC and mCherry-RabA signals at the hyphal tip (Fig. 3E) . However, introducing the AAA1 wB mutation into the GFP-HC produced an unexpected colocalization between dynein and the hyphal-tip-accumulated early endosomes in the ⌬kinA background. In the ⌬kinA cells, GFP-wB did not highlight the plus-ends, although faint dots along microtubule-like structures were still observed (Fig. 3F) . Unexpectedly, GFP-wB in the ⌬kinA cells formed a prominent cloud-like accumulation at the hyphal tip (Fig. 3F) . To determine whether this accumulation represents colocalization with accumulated early endosomes, we introduced the mCherry-RabA fusion into the GFP-wB/⌬kinA background by crossing. As shown in Fig. 3F , mCherry-RabA signals also accumulate at the hyphal tip and the signals of mCherry-RabA and of GFP-wB largely overlap in the same cell. Thus, presence of the AAA1 wB mutation allows dynein to localize with hyphal-tipaccumulated early endosomes in the ⌬kinA mutant. The observation of the dynein-early-endosome colocalization in the wB/⌬kinA cells, but not in the ⌬kinA cells, is not due to an increased buildup of early endosomes at the hyphal tip in the wB/⌬kinA cells relative to the ⌬kinA cells. In fact, the average intensity sum of the mCherryRabA cloud at the hyphal tips of wB/⌬kinA cells is lower, and is only about 37% of that in ⌬kinA cells (n12 for each group, P<0.005). This is consistent with the idea that because endocytosis is coupled with hyphal tip growth (Araujo-Bazán et al., 2008; Taheri-Talesh et al., 2008; Upadhyay and Shaw, 2008; Harris, 2010) , it might be less efficient in the slowly growing wB/⌬kinA cells, which form small colonies resembling those of previously described double-mutant strains defective in both KINA and NUDA (Requena et al., 2001; Zhang et al., 2003) . We speculate that GFPwB molecules might reach the hyphal-tip-accumulated early endosomes by diffusion within the slow-growing hyphae of the wB/⌬kinA double mutant. We also speculate that because ATP hydrolysis is implicated in dynein rebinding to microtubules after ATP-mediated release from the microtubules (Hackney, 1996; Tsygankov et al., 2009; Hook, 2010) , wB dynein might be unable 3599 Active dynein without plus-end targeting to bind to microtubules as strongly as wild-type dynein, which further facilitates diffusion. By contrast, as wild-type dynein molecules bind along microtubules as active minus-end-directed motors before they arrive at the plus-ends, they are unable to diffuse efficiently to the hyphal tip and, thus, in wild-type cells, KINA-mediated plus-end accumulation of the dynein is crucial for dynein-early-endosome interaction.
Dynein colocalizes with abnormally accumulated early endosomes in the absence of NUDF
A. nidulans NUDF is a homolog of LIS1 involved in neuronal migration (Xiang et al., 1995; Reiner et al., 1993) . LIS1 is clearly involved in dynein function in nuclear migration (Tsai and Gleeson, 2005; Vallee and Tsai, 2006; Kardon and Vale, 2009; McKenney et al., 2010) , and is also involved in vesicle trafficking (Liang et al., 2004; Lenz et al., 2006) . In ⌬nudF cells, the plus-end accumulation of dynein is clearly visible (Zhang et al., 2003) but early endosomes labeled with GFP-RabA accumulate at the hyphal tip (Fig. 4A) , indicating that the retrograde movement of early endosomes is impaired. These results are remarkably similar to the results obtained in the filamentous hyphae of U. maydis (Lenz et al., 2006) . Interestingly, a cloud of GFP-HC was also observed at the hyphal tips of the ⌬nudF mutant (Fig. 4A ). This phenomenon was mentioned previously in Zhang et al. (Zhang et al., 2003 ) but we did not provide a good explanation for it. In the current work, we found that in the ⌬nudF mutant expressing both GFP-HC and mCherry-RabA, the fluorescent signals largely overlap, indicating colocalization of dynein and early endosomes (Fig. 4B) . Thus, we believe that the cloud of GFP-HC at the hyphal tip represents dynein molecules that are attached to early endosomes but are unable to move towards the minus-ends. Together, these results suggest that although KINA mediates plus-end accumulation of dynein to facilitate dynein-early-endosome interaction, NUDF affects dynein function through a different mechanism.
LIS1 is unlikely to significantly affect the ATPase activity of free dynein given that dynein isolated from the null mutant of Pac1p (LIS1 homolog in budding yeast) cells moves with a normal speed along microtubules (Reck-Peterson et al., 2006) . Studies using purified dynein and LIS1 from brain showed that adding LIS1 to dynein does not affect dynein ATPase activity but enhances dynein-microtubule interaction in vitro (Yamada et al., 2008; McKenney et al., 2010) . However, an earlier study indicated that purified LIS1 causes moderate but obvious increases of dynein ATPase activity (Mesngon et al., 2006) . In order to test in A. nidulans whether dynein ATPase and/or dynein-microtubule interaction are defective when NUDF/LIS1 is deficient, we performed ATPase assays and microtubule pelleting assays using dynein isolated from the conditional nudF-null mutant, alcAnudF. Unlike ⌬nudF, this conditional mutation allows normal conidiation (i.e. asexual spore production) under non-repressing conditions (glycerol as carbon source), facilitating large-scale protein isolation. After the alcA-nudF cells were grown overnight in the glucose-containing rich medium YUU, NUDF was largely undetectable in the fraction containing dynein (Fig. 4C) . In spite of this fact, we were unable to detect any significant defect in the ATPase activity of dynein isolated from these NUDF-deficient alcA-nudF mutant cells (Fig. 4D ). This result is inconsistent with the report by Mesngon et al. (Mesngon et al., 2006) but consistent with results from two recent studies by Yamada et al. (Yamada et al., 2008) and McKenney et al. (McKenney et al., 2010) . Moreover, in agreement with these two studies, dynein isolated from the alcA-nudF cells has decreased affinity for microtubules (Fig. 4E,F) . We therefore suggest that NUDF enhances dyneinmicrotubule interaction, which facilitates the early-endosomebound dynein to undergo minus-end-directed movement. In vitro, LIS1 significantly improves the processivity of dynein under a heavy load (McKenney et al., 2010) . Our results are consistent with this idea and suggest that, in fungal hyphae, with viscosity and cytoplasmic streaming towards the hyphal tip (Bloom, 2008; Lang et al., 2010) , early endosomes are heavy enough loads to make NUDF necessary for dynein to carry them along microtubules.
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Discussion
In this work, our data suggest that although KINA-mediated microtubule plus-end localization of Aspergillus dynein is important for dynein-early-endosome interaction, it is not required for ATPase activation. As early endosome cargoes largely accumulate at the hyphal tip, whereas dynein localizes along microtubules in the ⌬kinA mutant, these results suggest that cargo binding is not necessary for activation of dynein ATPase. Previous reports indicate that kinesin 1 and myosin V motors are in a folded, inactive conformation in the absence of cargo binding but unfold and become active upon cargo binding (Coy et al., 1999; Thirumurugan et al., 2006; Wang et al., 2004) . Thus, our results suggest that the regulatory mode of dynein might differ from that of kinesin 1 and myosin V. The idea that plus-end accumulation is not a prerequisite for ATPase activation is also consistent with data showing that single dynein molecules isolated from the budding yeast pac1⌬ (LIS1) mutant defective in dynein plus-end accumulation exhibit normal velocity along microtubules (Reck-Peterson et al., 2006) . However, because Pac1p can be considered as a factor that retains dynein at the plus-end (Moore et al., 2009) , dynein from the pac1⌬ mutant might have had a chance to interact with the plus-end.
The result that dynein is an active ATPase before arriving at the plus-end has implications on how we interpret the accumulation of dynein at the plus-ends. As the steady-state accumulation is best explained by a higher arrival than departure rate, it has been proposed that dynein must remain inactive at the plus-end until being switched on by other factors or by cargoes Sheeman et al., 2003; Zhang et al., 2003; Lenz et al., 2006; Steinberg, 2007) . If the ATPase activity is not the target of regulation, then how is the switch of dynein activity achieved? We suggest that, at the microtubule plus-ends, dynein might be tethered to other proteins that preclude its movement toward the minus-end (Fig. 5A) The image on the right shows GFP-HC forming comet-like structures as well as a cloud at the hyphal tip. Scale bar: 5m. (B)Colocalization of the GFP-HC cloud and abnormally accumulated mCherry-RABA signals at the hyphal tip in a ⌬nudF cell. (C-E)Dynein isolated from the alcA-nudF mutant under repressive conditions has a normal ATPase activity but a weaker affinity to microtubules. In these experiments, dynein was isolated with a low-salt and detergent buffer to ensure that NUDF is bound to dynein in wild-type extracts. (C)Western blots showing that NUDF is depleted in the alcAnudF mutant grown on YUU (with glucose) overnight. (D)Dynein from alcA-nudF cells has ATPase activity similar to that of wild type (WT). Values were all relative to the wild-type value without microtubules (MT; basal level), which was set at 1. The mean and s.d. values were calculated from 11 enzyme assays with dynein purified from 3 independent experiments. (E)Results of microtubule pelleting assays shown by a silverstained gel (top) and by a western blot probed with an anti-HC antibody (bottom). Samples with no microtubules added (-MT) were used as negative controls. (F)The ratio of dynein HC in pellet (P) to dynein HC in supernatant (S) is significantly lower in alcA-nudF than in wild type (P<0.001). Values were relative to the wild-type value, which was set at 1. The mean and s.d. values were calculated from 3 independent dynein isolation experiments. Lenz et al., 2006) . One possible model (Fig. 5A ) is that interaction with cargo, for example, an early endosome, releases the tether, thereby allowing dynein to move toward the minus-end (Fig. 5A ). An alternative model is that endosome binding might cause the dynein/dynactin complex to be transiently off-loaded from the plus-end to the endosome, followed by reattachment of endosome-bound dynein to a microtubule track as a motor (Fig. 5B) . This model is analogous to that explaining budding yeast spindle orientation, which also involves off-loading of plus-end dynein to the cortical sites, which is then followed by dynein moving toward the minus-end of an astral microtubule to reel in the spindle Sheeman et al., 2003) . Importantly, there is a major difference between filamentous fungi and budding yeast in the requirement for LIS1 in dyneincargo interaction. In budding yeast, because the plus-end accumulation of dynein requires the LIS1 homolog Pac1p Sheeman et al., 2003) , the cortical localization of dynein also becomes Pac1p-dependent (Markus et al., 2009) . By contrast, LIS1 homologs (such as NUDF in A. nidulans) in filamentous fungi are not required for dynein accumulation at the plus-ends (Zhang et al., 2003; Lenz et al., 2006) . As early endosomes abnormally accumulate at the hyphal tip in the absence of NUDF, the colocalization of dynein and early endosomes becomes very conspicuous in ⌬nudF cells (Fig. 4A,B) .
It should be pointed out that although dynein accumulation at the microtubule plus-end is clearly an important component of dynein regulatory strategy in fungi, there must exist other independent regulatory mechanisms. In fungi and higher eukaryotic cells, dynein and kinesin might bind to the same vesicle or to each other directly, and vesicles along a microtubule often undergo bidirectional movement, which could be achieved by tug-of-war between kinesin and dynein or by other regulatory strategies (Ma and Chisholm, 2002; Ligon et al., 2004; Ha et al., 2008; Muller et al., 2008; Shubeita et al., 2008; Soppina et al., 2009; Ally et al., 2009; Hendricks et al., 2010) . Nevertheless, the dynamic microtubule plus-end represents a cargo-loading site not only in fungi but also in higher eukaryotic cells (Vaughan et al., 2002; Lenz et al., 2006; Lomakin et al., 2009 ). Moreover, plus-end localization of dynein and its regulators such as dynactin and LIS1 has been found not only in fungi but also in mammalian cells (Valetti et al., 1999; Vaughan et al., 1999; Vaughan et al., 2002; Han et al., 2001; Ma and Chisholm, 2002; Coquelle et al., 2002; Lee et al., 2003; Sheeman et al., 2003; Lenz et al., 2006; Vogel et al., 2009 ). Thus, a detailed understanding of dynein regulation at the microtubule plus-end is relevant to many organisms.
Active dynein without plus-end targeting
Our current study supports the notion that KINA-mediated accumulation of dynein to the microtubule plus-end, rather than KINA per se, facilitates dynein interaction with early endosomes. The failure of wild-type dynein to interact with early endosomes in the ⌬kinA mutant might be largely due to the fact that dynein moves along microtubules as active motors, thereby unable to meet endosomes near the plus-ends. In U. maydis, early endosomes undergo kinesin-3-mediated transport toward the plusend, and a large percentage of early endosomes (~75%) undergo dynein-mediated retrograde transport only after they arrive at the plus-ends near the hyphal tip (Lenz et al., 2006) . In the absence of dynein function, kinesin 3 would presumably carry early endosomes all the way to the plus-ends, causing a severe early endosome accumulation at the hyphal tip. In A. nidulans, endocytosis occurs primarily at a collar behind the hyphal tip (Araujo-Bazán et al., 2008; Taheri-Talesh et al., 2008; Upadhyay and Shaw, 2008) . However, some endocytic vesicles might be generated along hyphae and, as proposed by Abenza et al., (Abenza et al., 2009) , these vesicles might first need to be transported to the microtubule plus-end where they can start their dynein-mediated journey, and the UNCA kinesin 3 might play an important role in this process (Zekert and Fischer, 2009) . It is probable that although dynein is active before arriving at the plus-end, the chance for individual dynein molecules located along microtubules to meet early endosomes is relatively small, whereas the plus-end accumulation of dynein significantly increases the chance of productive interaction between an early endosome and a dynein motor. At a low frequency, however, dynein motors present along microtubules could still bind to an endosome and power its retrograde movement. This might explain why a low percentage of early endosomes (~25%) do start their minus-end-directed journey before arriving at the plus-ends (Lenz et al., 2006) .
Materials and Methods
Aspergillus strains and growth media
Aspergillus nidulans strains used in this study are listed in Table 1 . For biochemical experiments involving dynein isolation for ATPase assays, YG (yeast extract plus glucose) + UU (or YUU) liquid medium was used. The YUU medium was also used for growing the alcA-nudF strain for microtubule pelleting assays as a repressive medium for the alcA promoter. For live-cell imaging experiments, minimal medium with either glucose or glycerol plus supplements was used as previously described (Zhang et al., 2003) .
Construction of AAA1 mutants
To make the AAA1-Walker A (wA) mutant, we changed the amino acid lysine (K) in the first P-loop to alanine (A), similar to that described in Reck-Peterson and Vale (Reck-Peterson and Vale, 2004) . The fragment containing the mutation was constructed 2) in which interaction of the endosome with dynactin offloads dynein-dynactin from the plus-end, which is followed by dynein reattaching to a microtubule as a motor to move the endosome towards the minus-end.
by a fusion PCR strategy using high-fidelity polymerases such as Accuprime Pfx and Accuprime Taq Hi Fi polymerases . We first amplified genomic DNA with two sets of primers: nudA55 (5Ј-ATCACTGAGGCTATTGCGCAG-3Ј) and wA3 (5Ј-GCCTTGACGG ACTC TG TCGCTCCG GTACCTGCAGGACCGTAA-3Ј); and wA5 (5Ј-GACAGAG T CC G TCAAGGC-3Ј) and nudA38 (5Ј-CATCGGT -GGGAGGG TTACAA-3Ј). Fusion PCR was then performed with primers nudA55 and nudA38 to obtain the final PCR product of about 4 kb. This fragment was transformed into the GFP-nudA strain (LZ12) with the ⌬ku70 background Zhuang et al., 2007) . The strain that contains the correct replacement (GFP-NUDA K1940A ) exhibited a typical nud colony phenotype and was confirmed by sequencing of the genomic DNA. A similar strategy was used to make the GFP-AAA1-Walker B (wB) mutant in which the glutamic acid (E) in the wB region is replaced by a glutamine (Q; GFP-NUDA E1987Q ). The wB primers wB3 (5Ј-GTTCCTCAA GA -CGGTTGAACTGATCGAAACAACCCCATGCAC-3Ј) and wB5 (5Ј-GTTCA -ACCGTCTTGAGGAAC-3Ј) were used in the fusion PCR. The alcA-nudK (or alcA-ARP1) allele was introduced into the GFP-NUDA K1940A (GFP-wA) and GFP-NUDA E1987Q (GFP-wB) backgrounds by genetic crossing. The presence of the alcA-ARP1 allele was verified by western analyses on p150 of dynactin, as the p150 level is drastically lowed in the alcA-ARP1 mutant grown on glucose (Zhang et al., 2008) . The ⌬kinA allele was introduced into the GFP-wA and GFP-wB backgrounds by genetic crossing. The double mutants were selected based on the tiny colony phenotype (the colony of the double mutant was significantly smaller than that of the wA or wB single mutant), similar to that produced by the previously described double mutants of ⌬kinA and nudA loss-of-function mutants (Requena et al., 2001; Zhang et al., 2003) .
Image analyses
Samples were prepared as previously described (Zhang et al., 2003; Zhang et al., 2008) . Images were captured using an Olympus IX70 inverted fluorescence microscope (with a 100ϫ objective) linked to a PCO/Cooke Corporation Sensicam QE cooled charge-coupled device camera. A filter wheel system with GFP/mCherry-ET Sputtered series with high transmission (Biovision Technologies) was used. The IPLab software (BioVision Technologies) was used for image acquisition and analysis.
Aspergillus dynein purification, ATPase assay and microtubule pelleting assay
Dynein purification was done using two different buffers. Besides the low-salt Tris buffer described in Zhuang et al. (Zhuang et al., 2007) [25 mM Tris (pH 8.0), 0.4% Triton X-100, 10 M ATP, 1 mM DTT and a protease inhibitor cocktail (Sigma, St Louis, MO)], we also used a Tris-based buffer with 50 mM NaCl and 1% NP-40 to facilitate extraction of dynein from membranous vesicles. Dynein isolation was done using an S-tag-based method as previously described (Zhuang et al., 2007) . ATPase assays and protein quantifications were performed as described previously (Zhuang et al., 2007) , except that 0.3 mg/ml microtubules were used in the microtubulestimulated assays and an Opsys MR plate reader from Dynex Technologies was used to read the optical density (O.D.) values at 630 nm. We made sure that the ATPase activity we measured was specific to dynein (Zhuang et al., 2007) by using a strain in which the IC is not S-tagged as a negative control for the dynein purification procedure. Eluate from the negative control strain was subjected to the same ATPase assay in every experiment. For measuring microtubule-stimulated ATPase activity, the same amount of microtubules were added to the eluate of the negative control and O.D. values from these samples were considered as background values and subtracted from the experimental values obtained with the S-IC strains. Because fungal dynein is much less abundant than brain dynein, it is hard to measure the absolute amount of purified dynein. Although we have used BSA as a standard in silver-stained gels as BSA could stain differently than dynein heavy chain, the protein levels of dynein calculated based on band intensity in silver-stained gels are not accurate (Zhuang et al., 2007) . Therefore, we only used values relative to wildtype values in this study and relative dynein amounts were measured by quantitative analyses of heavy chain bands on western blots. Polymerized microtubules, the kits for the ATPase and microtubule pelleting assays were all purchased from Cytoskeleton, Inc. Microtubule pelleting assays were performed according to the manufacturer's instructions.
We thank Berl Oakley for the ⌬ku70 strain and Reinhard Fischer for the ⌬kinA strain. We are grateful to Erika Holzbaur, Jenny Ross, Adam Hendricks and Mike Welte for helpful discussions and suggestions, especially Erika Holzbaur for critical readings of the manuscript that significantly improved the work and its presentation. We thank Xuanli Yao and Henry Zhou for much help in the laboratory and Xuanli Yao for helpful comments on the paper. This work was supported by an NIH grant (GM069527 to X.X.), a USUHS intramural grant (RO71GO to X.X.), DGICYT BIO2009-07281 (to M.A.P.) and Comunidad de Madrid S2006-SAL-0246 (to M.A.P.). J.F.A. is holder of a CSIC I3P predoctoral contract. Deposited in PMC for release after 12 months.
